Deoxyinosine occurs in DNA by spontaneous deamination of adenine or by incorporation of dITP during replication. Hypoxanthine residues (HX) are mutagenic and give rise to A-T->G-C transition. They are substrates for the Escherichia coli product of the alkA gene, the 3-methyladenine-DNA glycosylase II (ALK A protein). In mammalian cells and in yeast, HX is excised by the counterpart of ALK A protein, the ANPG or the MAG proteins respectively. We have investigated in vivo the contribution of the alkA gene to counteract the lethal and/or mutagenic effects of HX residues induced by nitrous acid treatment Using an E.coli strain allowing the detection of A-T-»G-C transition, we show that the alkA mutant has a slightly increased spontaneous rate of mutation and about the same sensitivity when treated with HNO2 as compared with the wild-type strain. Using the E.coli alkA mutant carrying a multicopy plasmid expressing the ALK A protein or the ANPG protein, we barely observe any effect of HNO2 treatment on sensitivity and mutation rate of the bacteria. In contrast, the same experiment performed with a uvrA~ strain, deficient in nucleotide excision repair (NER), shows that this mutant is extremely sensitive to HNO2 treatment. Futhermore, the sensitivity and the spontaneous mutation rate observed in the double mutant alkA' uvrA~ are almost identical to those of the uvrA~ mutant Hence, NER has the major role in vivo for the repair of lethal and mutagenic lesions induced by HNO 2 .
Introduction
In DNA the deamination of adenine and cytosine residues generates hypoxanthine (HX) and uracil respectively. These bases are mutagenic since, if unrepaired, they give rise to A-T->G-C and G-C->A-T transitions (Schuster, 1960; Karran and Lindahl, 1980; Hill-Perkins et ai, 1986) . Uracil residues are excised by uracil-DNA glycosylase (Lindahl, 1979) . Enzymatic activities excising hypoxanthine have been identified and partially purified from Escherichia coli (Karran and Lindahl, 1978) and mammalian cells (Karran and Lindahl, 1980; Dianov and Lindahl, 1991) . We have shown that the hypoxanthine-DNA glycosylase activity in E.coli was intrinsic to 3-methyladenine (3-MeAde)-DNA glycosylase II (ALK A protein) coded for by the alkA gene. 3-MeAde-DNA glycosylases from human (ANPG protein), rat (ADPG protein) and yeast origin (MAG protein) are also able to release hypoxanthine from various DNA substrates containing dIMP residues (Saparbaev and Laval, 1994) .
Nitrous acid, a potent chemical mutagen, exerts its effect by the deamination of the aminogroups of the adenine, cytosine and guanine residues of the nucleic acid (causing chemical alterations A-»HX, G-»X, C->U) as well as cross-links of undefined structures, deletions (Schuster, 1960; Kotaka and Baldwin, 1964; Burnotte and Verly, 1971; Miller, 1972) . The relative amount of HX and U generated by nitrous acid in DNA varies with pH. Using calf thymus DNA as substrate, it was shown that at pH 3.4, HX and U are produced nearly equally. After HNO 2 treatment, at pH 4.2, U is produced two to three times more than HX (Schuster, 1960) . There is no systematic study of HN0 2 action on the living cells. Nitrous acid is the only known mutagen which could induce desamination of A-»HX; hence, the reason for choosing E.coli to evaluate the physiological role of 3-MeAde-DNA glycosylase II in removing HX lesions from DNA strain CC 106 that is able to restore Lac+ phenotype via a specific base substitution (A-T->G-C; Cupples and Miller, 1989) . We have investigated the sensitivity and the rate of mutational events generated by nitrous acid treatment in alkA mutant E.coli CC 106 cells. In addition, we determined the potential role of the nucleotide excision repair pathway by evaluating the sensitivity and the mutation rate of the uvrA single mutant and the combined roles of the two pathways by examining the double uvrA alkA mutant CC 106 cells after nitrous acid treatment. Cupples and Miller (1989) have constructed six strains with different mutations at the same coding position in the lacZ gene carried on an F' episome, which detect individually all six types of base substitution mutations. Since deamination of adenine to HX would give rise to an A-T-»G-C transition, we used the CC 106 repair proficient strain which detects such transitions, to monitor the contribution of the above repair genes to the lethal and mutagenic processes. This was undertaken by introducing singly the alkA mutation or the uvrA mutation, or both mutations into the parental strain CC 106 and evaluating their response to HN0 2 treatment.
Materials and methods

Bacterial strains and plasmids
The E.coli strains used in this study are listed in Table I . The pYN 1000 plasmid containing the E.coli alkA gene was obtained from Dr M.Sekiguchi (Nakabeppu et al, 1984) . The pANPG 30 plasmid coding for the 230 amino acids, 26 kDa truncated 3-MeAde-DNA glycosylase was provided by Dr T. O'Connor (O'Connor, 1994) .
Media
Rich medium was Luria-Bertani (LB) broth (Miller, 1972) . Minimal plates contained M9 medium plus 0.4% glucose or lactose, 0.001% thiamine, 5 mM MgSO 4 , 0.1 mM CaCl 2 ; concentrations of X-Gal, P-Gal were 40 and 500 ug/ ml respectively. Media were solidified by the addition of 1.6% Difco agar. Antibiotic concentrations (per ml) were 100 ng of ampicillin, 12.5 \l% of tetracycline, 100 |ig of rifampin. , tetracycline resistance; MMS 1 , methyl methanesulphonate sensitivity; UV, ultraviolet radiation sensitivity. ''Since both strain SM 1002 and strain SM 1003 were resistant to tetracycline, positive selection for the loss of the tetracycline resistance gene linked to the uvrA mutation was performed using the quinaldic acid treatment of SM 1003 (Bochner el al., 1980) .
Chemical reagents
Determination of E.coli sensitivity to nitrous acid
A fresh overnight culture was subcultured and grown until it reached a density of 2-3X10 9 cells/ml. The cells (3 ml) were spun down, washed in 0.1 M sodium acetate buffer (pH 4.3) and then resuspended in 1 ml of 0.05 M fresh nitrous acid solution, prepared as descnbed by Miller (1972) . Incubations were at room temperature for varying periods of time. Control samples were incubated in 0.1 M sodium acetate buffer (pH 4.3) under identical conditions. After the given time of incubation 10 vol of cold 1X M9 medium were added to stop the reaction. The cells were spun down and washed using 10 vol of cold 1X M9 medium. After nitrous acid treatment, the cultures were plated to determine survival and then grown in LB medium overnight and plated for Lac+ revertants and also for rifampin-resistant mutants to monitor the mutagenesis.
Spontaneous Lac+ mutation assays
Mutation rates were estimated by calculating the number of papillae or microcolonies that grow out from the surface of a colony; we used the papillation test described by Nghiem et al. (1988) . Briefly, on the supplemented minimal medium, constitutive Lac+ revertants form blue papillae growing out of white colonies. The colonies grow until they exhaust the glucose in the medium. Then, only constitutive Lac+ revertants, which can utilize the P-Gal in the medium, continue to grow. The papillae are stained blue by the X-Gal.
A single colony was inoculated into LB medium and grown to stationary phase. Then a 10 u.1 aliquot was serially diluted and plated in triplicate onto glucose-minimal plates containing X-Gal and P-Gal. After 4-5 days colonies that generate papillae were readily detected. The spontaneous mutation rate in the cultures was also monitored for the generation of rifampin-resistant (Rif 1 ) mutants.
Results
Effect of nitrous acid on the survival and mutagenicity of E.coli wild-type and alkA mutant
It has been shown that nitrous acid exerts its effects on nucleic acids by the deamination of the amino groups of the adenine, cytosine and guanine residues (Schuster, 1960; Kotaka and Baldwin, 1964) . The presence of HX residues in DNA leads to A-T-»G-C transitions that can be detected by using E.coli CC 106 strain.
In order to evaluate the role of ALK A protein in the excision of HX residues in vivo we have constructed the strain SM 1002 alkA-isogenic to CC 106. The survival of SM 1002 alkA~ was compared with wild-type CC 106 cells following treatment with sodium nitrite or with sodium acetate at the same acidic pH. We first established the conditions of HNO 2 treatment of CC 106 cells since the rate of DNA deamination 24 after nitrous acid treatment is a function of pH, length of treatment, nitrous acid concentration and temperature (Vielmetter and Schuster, 1960; Ishiwa, 1964) . As shown in Figure 1A and B, survival of E.coli cells is sharply decreased when: (i) the pH is lowered; (ii) the HN0 2 concentration; and (iii) the length of treatment are increased. Control experiments where incubations were performed in acetate buffer at different pH showed no difference in CC 106 strain sensitivity (data not shown).
According to these results the studies of survival after HNO2 treatment of wild-type CC106 and alkA mutant SM 1002 were conducted at 25°C, pH 4.3 in the presence of 0.05 M nitrous acid. Figures IB and 2 show that even at low concentrations (0.05 M) nitrous acid is extremely toxic to wild-type bacteria, since <0.1% of the cells survive treatment for 10 min under the conditions used. The isogenic strain carrying the alkAallele has a comparable sensitivity with wild-type cells (Figure 2) .
The frequency of induced mutations in the two strains after HN0 2 treatment for increasing periods of time was measured. As shown in Table n, the number of RiF mutants and lacZ + mutants does not differ considerably between the wild-type strain and the alkA mutant after HNO 2 treatment for increasing periods of time. These results suggest that in E.coli the alkA mutation has neither measurable effect on the sensitivity to nitrous acid nor on the frequency of induced mutation measured at Rif and LacZ locus under the conditions used. Such a lack of sensitivity of the alkA mutant as compared with the wildtype could be due to the fact that in E.coli the synthesis of ALK A protein is inducible. Therefore, we studied the effects of artificial overproduction of the ALK A protein by a multicopy plasmid carrying the alkA gene in the CC 106 strain. Overexpression of the ALK A protein slightly increased the sensitivity of CC 106 E.coli cells to nitrous acid (Figure 3) . The rate of A-T-»G-C mutations was not changed (data not shown). This result suggests that the alkA gene product does not play an important role in vivo in repairing the damages generated by nitrous acid treatment. Since we have shown that, in vitro, the human counterpart of the ALK A protein is 40 times more effective in the excision of HX residues (Saparbaev and Laval, 1994), we extended the experiment by expressing the ANPG protein in CC 106; again no detectable difference was observed (Figure 3) . Sensitivity to nitrous acid treatment of E.coli CC 106 uvrA mutant and uvrA alkA double mutant Experiments performed by Day (1975) suggested that the UVR ABC repair pathway could be involved in the repair of HN0 2 induced damage in DNA. To investigate this hypothesis, the uvrA-allele was transduced both into a wild-type CC 106 genetic background and into the isogenic alkA mutant strain. As shown in Figure 4 , the uvrA mutant strain is extremely sensitive to HN0 2 treatment compared with the wild-type or alkA parents.
These results confirm those previously reported (Day, 1975) . Furthermore, as shown in Figure 4 , the sensitivity of the uvrA mutant to HN0 2 treatment is the same as the uvrA alkA double mutant. Nitrous acid does not induce A-T-»G-C mutations in uvrA (data not shown). After the given times of incubation the cells were washed and then grown in LB medium overnight and plated for Lac + revertants and for nfampinresistant mutants. The results from one representative experiment out of three independents is shown.
Role of alkA and uvrA gene products in the modulation of spontaneous mutation rates of lacZ + gene Since in E.coli strain CC 106 the frequency of Lac+ cells is a direct measure of one specific base substitution A-T->G-C, spontaneous mutation rates were determined from the number of blue papillae present 4-5 days after plating stationary populations of E.coli cells on medium containing X-Gal and P-Gal. Table HI shows that the LacZ + mutant reversion rate is slightly increased in the alkA mutant compared with the wildtype. The uvrA mutation increases the frequency of A-T-»G-C base substitution in CC 106 strain ~5-fold. Similar mutation frequency is observed in CC 106 uvrA alkA double mutant. These results clearly demonstrate that uvrA mutant derivative, in contrast with alkA mutant CC 106 strain, induced significant numbers of A-T-»G-C transition mutation. The uvrABC complex is not able to excise HX in vitro (data not shown). The nature of endogenous lesions that induce A-T-»G-C and controlled by uvrABC is unknown. The spontaneous mutation rate in the cultures was monitored by measuring the generation of constitutive Lac + revertants forming blue papillae onto glucose-minimal plates containing X-Gal and P-Gal.
Discussion
Point mutations are thought to be induced in many cases by modification of a base in DNA by a mutagen and subsequent misincorporation of an 'incorrect' deoxynucleoside triphosphate at the site opposite to the modified base in a reaction catalysed by DNA polymerase. Hypoxanthine (HX) occurs following the deamination of an adenine residue, either spontaneously or chemically in the presence of nitrous acid (Schuster, 1960) . HX is structurally analogous to guanine rather than to the parental adenine and appears to pair with C, yielding a G-C pair and may cause A:T to G:C transition (Kamiyaera/., 1992) . Hill-Perkins et al. (1986) have shown that in E.coli dIMP introduced as a single lesion in a M13mp9 RF molecule exhibited miscoding mutagenesis. In mammalian cells a synthetic c-Ha-ras gene containing HX resulted in increased focus formation (Kamiya et al., 1992) . We have shown that the E.coli ALK A protein removed dIMP lesions from DNA in vitro (Saparbaev and Laval, 1994) . In the present study, we have investigated in vivo the role of the ALK A protein in the excision of HX in E.coli. The alkA mutant phenotypically lacks this glycosylase activity and has a slightly (about twice) increased spontaneous rate of A-T->G-C transition. In contrast, this rate was increased 5-fold in the uvrA mutant. This result shows that uvrABC repair system contributes to the maintenance of a low spontaneous A-T->G-C mutation transition.
It has been proposed that nitrous acid, a potent chemical mutagen, exerts its effect on DNA by the deamination of the amino group of adenine, cytosine and guanine residues (causing chemical alterations A->HX, G-»X, C-»U) and also crosslinks of undefined structure (Schuster, 1960; Burnotte and Verly, 1971) . In the present study we have shown that the alkA product neither influences the sensitivity of E.coli cells to nitrous acid treatment nor increases induced A-T-»G-C transition. In our studies, nitrous acid did not increase A-T->G-C transition.
Among the six strains investigated (CC 101-CC 106) that are able to restore the Lac+ phenotype via a specific base substitution, only CC 102 (G-C-)A-T) had increased number of Lac+ revertants after nitrous acid treatment (data not shown). This result is easily explained since nitrous acid causes deamination of cytosine to uracil (Vielmetter and Schuster, 1960) . Da Roza et al. (1977) demonstrated that E.coli mutants defective in uracil-DNA glycosylase (ung-) were more sensitive to nitrous acid than the wild-type strain. Day (1975) reported that nitrous acid-treated adenovirus 2
shows an improved plaque-forming ability when normal human cell lines as compared with UV-sensitive xeroderma pigmentosum cell lines were used as hosts, thus implicating the nucleotide excision repair pathway in the repair of HNO 2 induced lesions. This result prompted us to construct CC 106 uvrA mutant and assay its sensitivity to nitrous acid. It was indeed found that the uvrA mutant is very sensitive to nitrous acid. Furthermore, the double mutant uvrA alkA has the same sensitivity as uvrA mutant. This fact points out that UVR repair system is involved in the repair of nitrous acid-induced DNA damage and that there is no important role for the base excision repair (ALKA), even in the absence of nucleotide excision repair. The nature of DNA lesions induced by nitrous acid in vivo and repaired by the UVR pathway remains to be identified. Saparbaev.M. and LavalJ. (1994) Received on July I, 1996; accepted on September 2, 1996 
